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Abstract 

Natalizumab is a humanized monoclonal antibody against the leukocyte adhesion molecule very late antigen (VLA)-4, and is 
currently an approved therapy for patients with relapsing-remitting multiple sclerosis (RRIVIS). However, it is unknown 
whether natalizumab is beneficial for progressive forms of IVIS. Therefore, we assessed the effects of anti-VLA-4 monoclonal 
antibody (mAb) therapy in a progressive experimental autoimmune encephalomyelitis (EAE) mouse model. Notably, we 
found that early therapy could significantly reduce the severity of progressive EAE, while treatment initiated at an advanced 
stage was less efficient. Furthermore, we observed the accumulation of a novel subset of GM-CSF-producing GDI 1 b^GD4^ T 
cells in the GNS throughout disease progression. Importantly, early therapeutic anti-VLA-4 mAb treatment suppressed the 
accumulation of these GIVl-GSF-producing GDllb^GD4^ T cells in the GNS along with activated microglia/macrophages 
populations, and also conferred a protective effect against inflammation-mediated neurodegeneration, including 
demyelination and axonal loss. Gollectively, our data suggest that early treatment with anti-VLA-4 mAb can provide 
neuroprotection against progressive GNS autoimmune disease by preventing the accumulation of pathogenic GM-GSF- 
producing GDI 1 b+GD4+ T cells in the GNS. 
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Introduction 

Multiple sclerosis is an inflammatory autoimmune disease of the 
central nervous system (CNS). Throughout the course of MS, 
invading leukocytes are found to carry out a coordinated attack 
against myelin and axonal structures through a series of complex 
effector mechanisms [1]. 

Early studies which aimed to uncover the mechanisms of 
leukocyte infiltration across the blood-brain barrier revealed the 
a4Pi integrin heterodimer, or very late antigen-4 (VLA-4), to be a 
critical cellular adhesion molecule in the pathogenesis of 
experimental autoimmune encephalomyelitis (EAE), the animal 
model of MS [2,3]. Preliminary experiments discovered that 
antibodies against the a-chain of VLA-4 could successfully inhibit 
pathogenic T cell and monocyte entry into the CNS, resulting in 
the prevention of EAE [2-5] . This outcome eventually led to the 
development of natalizumab, a humanized anti-VLA-4 monoclo- 
nal antibody (mAb), which has been approved for the treatment of 
RRMS patients and has documented beneficial therapeutic effects 
[6]. Chnical studies have revealed that gadolinium-enhancing 
lesions, relapses and axonal damage are reduced in RRMS 
patients treated with natalizumab [7-9] . The accumulation of new 
cortical lesions and global cortical thinning are also reported to be 
significantly lower in natalizumab-treated RRMS patients after 
one and two year follow-up [10,1 1]. On the other hand, the effects 



of natalizumab treatment for primary-progressive MS (PPMS) and 
secondary-progressive MS (SPMS) remain unclear to date. 
Likewise, a variety of alternative disease-modifying therapies for 
these progressive MS types are still lacking, since these therapies 
have either failed to show promising results or are currentiy 
vmdergoing clinical trials in an attempt to establish a successful 
progressive MS regimen [12]. 

Although the effects of inhibiting the VLA-4 adhesion molecule 
have been studied in previous reports employing a C57BL/6 
MOG35_55-induced EAE mouse model [13-19], these reports have 
not addressed the therapeutic efficacy of anti-VLA-4 mAb 
treatment on the progressive stage of the disease. Therefore, we 
evaluated the efficacy of natalizumab to treat the progressive stage 
of C57BL/6 MOG33.55-induced EAE. Since the expression of 
CD 1 1 b on T cells is crucial for pathogenic T cell development in 
EAE [20], we also examined the effect of anti-VLA-4 mAb on the 
development of CDl lb"'"CD4"'' T cells in progressive EAE. Here, 
we showed that CDl lb was up-regulated on CNS-infiltrating 
pathogenic pro-inflammatory T cells, and that early therapy with 
anti-VLA-4 mAb could effectively suppress the infiltration of GM- 
CSF-producing CDllb^hl cells, including the subsequent 
accumulation of activated microglia/macrophages. In turn, this 
led to protection against chronic CNS autoimmune disease 
progression caused by demyelination and axonal loss. Taken 
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together, these data support the early use of anti-VLA-4 mAb 
treatment to induce neuroprotection in progressive forms of CNS 
autoimmune disease by blocking the accumulation of GM-CSF- 
producing CDllb'"CD4+ T ceUs in the CNS. 

Materials and Methods 

1. Induction of EAE and anti-VLA-4 mAb treatment 

C57BL/6 mice were purchased from The Jackson Laboratory 
(Bar Harbor, ME) and housed in a specific pathogen-free facility at 
the School of Public Health, Rutgers-Robert Wood Johnson 
Medical School (Piscataway, NJ). EAE was induced by the 
subcutaneous immunization of 7-week-old C57BL/6 mice with 
200 Hi emulsions of 200 \lg MOG35.55 peptide (MEVG- 
WYRSPFSRWHLYRNGK; Protein and Nucleic Acid Facility, 
Stanford University, Stanford, CA) in Complete Freund's Adju- 
vant (4 mg/ml). Additionally, animals received an i.p. injection of 
100 |Xg pertussis toxin (List Biologicals, St. Louis, MO) at Day 0 
and 2 to aid disease initiation, and were boosted by MOG35.55 
(200 Hg per mouse)/Incomplete Freund's Adjuvant at Day 7. 
Then, mice were intraperitoneally administered with anti-VLA-4 
mAb (received from Biogen Idee, MA) or IgGl control 
(eBioscience, CA) at 5 mg/kg every other day for 10 days. 
Clinical signs of EAE were assessed according to the following 
scale: 0: no signs of disease; 1: limp taU; 1.5: paresis of one 
hindlimb; 2: paresis of both hindlimbs; 2.5: paralysis of one 
hindlimb; 3.0: paralysis of both hindlimbs; 3.5: paralysis of both 
hindlimbs and one forelimb paresis; 4: hindlimb paralysis and both 
forelimb par("sis; 5: no mobility/moribund. All animal studies were 
conducted in accordance with Institutional Animal Care and Use 
Committee (lACUC) guidelines and were approved by the 
lACUC through Rutgers-Robert Wood Johnson Medical School 
Animal Care and Use Committee (Animal Protocol #110-050-6). 

2. Flow cytometric analysis 

To isolate CNS cellular infiltrates, mice were anaesthetized and 
perfused intracardially through the left ventricle with 30 ml ice-cold 
PBS. CNS ceU infiltrates were purified with a 30/70% PercoU 
density gradient after digestion of homogenized brain and spinal 

cord tissues with Neural Tissue Dissociation Kit (Miltenyi Biotec, 
Auburn, CA) and passed through 40 micron filter mesh in order to 
create single cell suspensions. For FACS analysis, 1 xlO*' cells were 
washed twice with staining bufier (0. 1 % NaNs, 2% FCS in PBS) and 
stained with antibodies against CD45, CD lib, CD40, TLR-2, 
MHC class II, CD4, CD3, GM-CSF, IL-17, TNF-a and IFN-y 
(eBioscience, CA) according to the manufacturer's protocol. Since 
CNS-infiltrating encephalitogenic T cells can develop an antigenic 
specificity to multiple other endogenous epitopes that are presented 
in the CNS apart from the MOG35.55 epitope through the course of 
EAE [21], the CNS-infiltrates were cultured with plate-bound anti- 
CD3 mAb (10 Hg/ml, eBioscience, CA) plus soluble anti-CD28 
mAb (2 |J.g/ ml, BD Pharmingen, CA) in the presence of Brefeldin A 
(10 |i,g/ml, Sigma- Aldrich, MO) overnight for intracellular staining. 
AU seimples were analyzed on a Cytomics FC500 and Gallios flow 
cytometer using Kaluza Analysis Software (Beckman Coulter, Inc.). 
To determine the percentage of positive pro-inflammatory cytokine- 
producing cells in the CNS, GDI lb'^CD45'" and CD4'' were 
sequentially gated, and then the percentage of pro-inflammatory 
cytokine-producing cells was calculated as ([CD45"'"CD1 lb""" (%)] x 
[CD4+(%)] X [cytokine ""(%)])/ 10*. 

3. immunohistology 

Animals were anaesthetized and perfused intracardially with 
30 ml ice-cold PBS and 30 ml of 4% paraformaldehyde. Spinal 



cords were removed and soaked in 30% sucrose/PBS for 3 days. 
Frozen spinal cord sections (cervical, thoracic, lumber, and sacral 
regions) were cut at a thickness of 20 |.im by cryostat and stained 
with myelin basic protein (MBP) and neurofilament primary 
monoclonal antibodies (Abeam) and visualized with fluorescent 
secondary antibodies for MBP (Goat anti-Rat IgG FITC) and 
neurofilament (Goat anti-Rat IgG Rhodamine) (Jackson Immu- 
noresearch Laboratories, Inc.). Cell nuclei were counterstained 
with DAPI for the analysis of total cellular infiltration. Digital 
images of spinal cord sections were taken with an Axiovert 200 
(Zeiss) microscope. Areas of extensive cellular infiltration, demy- 
elination, and axonal loss were manually traced with the 
Axio Vision imaging system onto spinal cord images. Then, the 
total areas of ceUular infiltration, demyelination, and axonal loss in 
spinal cord sections were calculated by the Axio Vision imaging 
system. The percentage of lesions was calculated as (lesion area/ 
total spinal cord area) xlOO. 

4. Statistical analyses 

GraphPad Prism Software (GraphPad Software, Inc., San 
Diego, CA) was used throughout this study for statistical analyses. 
EAE clinical scores were evaluated by the non-parametric Mann- 
Whitney U test or the non-parametric Kruskal-Wallis test followed 
by a Dunn's post analysis where indicated. P-values for significant 
suppression of ceUular population percentages and cell numbers 
were calculated by the Student's ^-test. AU p-values £0.05 were 
considered statistically significant. 

Results 

L Effect of anti-VLA-4 mAb treatment on the 
development of progressive EAE 

MOG35.r,r,-induced EAE on the C57BL/6 mice is a wc-U- 
established animal model of progressive CNS autoimmune disease, 
whereby inflammation, demyelination, and axonal loss steadily 
accrue and are thought to lead to cKnical deficit [22]. Therefore, 
we employed this animal model in our study to assess whether 
anti-VLA-4 mAb treatment could confer protection against 
progressive EAE development. To confirm a similar result to 
alternate models of EAE treated with anti-VLA-4 mAb or 
antagonist [13,15,23], we first examined whether prophylactic 
(pre-onset) treatment with anti-VLA-4 mAb could prevent the 
induction of EAE. Since the onset of EAE was determined to 
ensue around Day 16 post-immunization, we introduced our 
prophylactic regimen of 5 mg/kg anti-VLA-4 mAb or IgG control 
on Day 13 post-immunization and continued this regimen every 
other day for 10 days. In agreement with previous data, 
prophylactic treatment with anti-VLA-4 mAb could significandy 
suppress the induction of progressive EAE (Fig. lA). 

Next, to evaluate the therapeutic efficacy of anti-VLA-4 niAb in 
progressive EAE, we examined whether post-onset anti-VLA-4 
mAb treatment for early and advanced EAE could mitigate the 
severity of EAE. In order to properly treat the mice at these 
respective disease stages, mice that exhibited early clinical signs of 
EAE (disease grade 1) were selected for either early anti-VLA-4 
mAb or IgG control treatment every other day for 1 0 days, while 
mice that showed advanced signs of EAE (disc'asc grade 2—3) were 
given late anti-VLA-4 mAb treatment every other day for 10 days. 
Markedly, we found that early anti-VLA-4 mAb treatment could 
significandy suppress disease progression when administered 
during early clinical signs of EAE (Fig. IB). While early-stage 
EAE mice developed disease progression after stopping treatment, 
their disease severity was prominendy less than that of IgG-treated 
mice at an early stage of EAE (Fig. IB). However, in an advanced 
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Figure 1. Effect of anti-VLA-4 mAb treatment on the induction of progressive EAE. EAE was induced in C57BL/6 mice by immunization 
with MOG35.55/CFA and injection of pertussis toxin as described in iVlaterials and Methods. (A) Prophylactic treatment; immunized mice were treated 
(i.p.) with anti-VLA-4 mAb (n = 1 0) or IgG control (n = 1 0) at 5 mg/kg every other day for 1 0 days at Day 1 3 post-immunization before disease onset. 
*; p-value <0.05 by Mann-Whitney U test. (B) Post-onset treatment; When disease score reached to grade 1 or grade 2-3, the EAE mice were treated 
with anti-VLA-4 mAb every other day for 10 days. As a control, mice with disease grade 1 were treated with IgG for 10 days. Data shown are the mean 
clinical score (+1— SEM) of 10-16 mice in each group from three experiments. *; p-value <0.05, **; p-value <0.01for the comparison between IgG 
(score 1) and anti-VLA-4 mAb (score 1) by Kruskal-Wallis test. 
doi:1 0.1 371 /journal.pone.0099068.g001 



stage of EAE, we were unable to observe a significant therapeutic 
effect of anti-VLA-4 mAb treatment (Fig. IB). Therefore, these 
data indicate that anti-VLA-4 mAb treatment is able to suppress 
progressive EAE more efficiently when initiated at an early stage of 
disease. 

2. Effect of early anti-VLA-4 mAb treatment on 
pathogenic CNS-infiltrating GM-CSF^CD4^ T cells 

We next aimed to assess the therapeutic effect of anti-VLA-4 
mAb treatment on the infiltration of pathogenic pro-inflammatory 
T cells into the CNS. In order to properly evaluate the therapeutic 
effect, we first proceeded to characterize the pro-inflammatory 
phenotypes and infiltration patterns of the invading cells during 
each stage of progressive EAE development. Considering that 
granulocyte macrophage colony-stimulating factor (GM-CSF) 
cytokine production is crucial for the encephalitogenic potential 
of infiltrating T cells and the onset of EAE [24-26] , we specifically 
analyzed the CNS-infiltration of GM-CSF"^ T helper (Th)l and 
Thl7 ceU populations. As shown in Fig. 2A, both GM-CSF+Thl 
and GM-CSF^Thl7 cells developed in the spleen of immunized 
mice during the pre-onset period and further expanded after the 
disease onset (Fig. 2A). In the CNS, the infiltration of GM- 
CSF^Thl cells was more frequently observed compared to that of 
GM-CSF"^Thl7 ceUs (Fig. 2A). Moreover, populations of CNS- 
infiltrating GM-CSF*Thl and GM-CSF^Thl7 cells were only 



marginally increased at the pre-onset stage compared to non- 
immunized mice; however, at an early stage of EAE progression, 
CNS-infiltrating GM-CSF^Thl and GM-CSF^Thl7 cells were 
greatly elevated and thus represented the peak level of pathogenic 
T cell infiltration (Fig. 2B). By an advanced stage of EAE, CNS- 
infiltrating GM-CSF^Thl and GM-CSr^Thl7 ceUs had de- 
creased relative to the peak early stage albeit their continued 
development in the spleen (Fig. 2B). 

Since early anti-VLA-4 mAb treatment significantly reduced the 
severity of EAE in comparison to advanced-stage treatment 
(Fig. IB), we then assessed whether this treatment could suppress 
the peak of pathogenic T cell infiltration into the CNS. 
Interestingly, the overall percentage of CNS-infiltrating CDS'"" T 
cells was significantly reduced by anti-VLA-4 mAb treatment 
administered at an early stage of EAE (Fig. 3A). Furthermore, to 
specifically examine the effect of early anti-VLA-4 mAb treatment 
on the CNS-infiltration of GM-CSF^Fhl and GM-CSF"Thl7 
cells, the frequency of these pathogenic CD4''" T cells was 
calculated by the sequential gating of CD45^CD1 lb'°CD4''" cells 
in the CNS of non-treated and treated EAE mice (Fig. 3B and 3C). 
As shown in Fig. 3B, early anti-VLA-4 mAb treatment suppressed 
the infiltration of both GM-CSF+Thl and GM-CSF*"Thl7 cells; 
however, the suppressive efficiency of GM-CSF*Thl cells was 
slightly more effective compared to GM-CSF^Thl7 ceUs (Fig. 3B). 
Thus, our data suggests that early anti-VLA-4 mAb treatment can 
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Figure 2. GM-CSF'^ Th1 and Th17 cell development in the spleen and infiltration into the CNS. (A) The CNS (brain and spinal cord) and 
spleen were harvested from non-immunized mice and mice with prophylactic, early (disease grade 1), and advanced (disease grade 3) stages of EAE. 
The CNS infiltration of pro-inflammatory T cells was analyzed by measuring the production of GIVl-CSF, TNF-ot, IFN-y, and IL-17 in response to 
stimulation with anti-CD3/CD28 mAbs. CD1 1 b"CD45* CD4* leukocytes were gated for the analysis of cytokine production. (B) Percentages and total 
cell number of GIVI-CSF*IL-1 T, GM-CSF^IFN-y*, and GM-CSF^TNF-a* T cells in the CNS and spleen. The percentage of infiltrated cells was calculated as 
described in the Materials and Methods. The representative data were confirmed in two independent experiments. 
doi:1 0.1 371 /journal.pone.0099068.g002 



prevent the on-goiiig infiltration of the CNS by pathogenic 004"*" 
T cells to help block the disease progression of EAE. 

3. Effect of early anti-VLA-4 mAb treatment on the 
development of CD1 1b+ CD4^ T cells in the CNS 

It has been demonstrated that pathogenic T cells require 
GDI lb expression to mediate the development of EAE [20]. 
Therefore, we assessed whether the up-regulation of CD lib on 
CNS-infdtrating T cells was observed during the progressive stage 
of EAE. To do so, we first examined the expression of GDI lb on 
all CNS-infiltrating leukocytes (CD45"^ cells) in EAE mice. Flow 
cytometric analysis led to our detection of a minor population of 
splenic CD45"^CD1 Ib"^ ceUs (1.2% in non-EAE mice and 1.8% in 
EAE mice) expressing CD 1 1 b at an intermediate level (CD 1 1 b'"') 
in addition to CD45''"CD1 lb"*" macrophage populations present in 
the spleen (Fig. 4A). In the CNS of EAE mice, however, the 
expression of CD lib was up-regulated on CD45''" cells and two 
distinct cellular populations became evident (CD45'^CD 1 1 b'"' and 
CD45^CD1 Ib'^') apart from resting microglia and activated 
microglia/ macrophage populations which we address later in this 
study (Fig. 4A). We then examined the expression of the CDS and 
CD4 T cell markers on CD45'*"CD1 lb"" and CD45''CD1 lb'" ceU 



populations. Interestingly, 40.44% and 24.62% of CD45"^CD1 lb" 
and CD45^CD1 lb"" cell populations, respectively, expressed both 
CDS and CD4 (Fig. 4B), which indicates that CDllb'^CD4"^ T 
cells accumulate in the CNS of progressive EAE mice. Further- 
more, both populations expressed VLA-4 and Toll-like receptor 
(TLR)-2 (Fig. 4B), and produced pro-inflammatory cytokines, 
including GM-CSF, TNF-a, IFN-y, and IL-17 in response to anti- 
CDS/-CD28 stimulation (Fig. 4C). Notably, early anti-VLA-4 
mAb treatment sigiiificandy suppressed the accumulation of 
CD45"'CDllb"' T cells in the CNS (Fig. 4D), while the 
suppression of the CD45"*"CD1 lb*" T cell population followed a 
similar trend (Fig. 4E). In turn, these data indicate that early anti- 
VLA-4 mAb treatment can suppress the CNS-infiltration and/or 
development of GM-CSF-producing GDI lb"'TLR-2"'GD4'' T 
cells. 

4. Effect of early anti-VLA-4 mAb treatment on the 
accumulation of activated microglia and macrophages in 
the CNS 

The activation of microglia/macrophages is a key step in 
mediating EAE pathology, as these cells are frequently found to 
co-localize with encephalitogenic T cells in inflamed tissues [27]. 
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Figure 3. Effect of early therapeutic anti-VLA-4 mAb on pathogenic T cell infiltration into the CNS. (A) Mice were sacrificed one day after 
last treatment and mononuclear cells isolated from the CNS (brain and spinal cord) of anti-VLA-4 mAb-treated (n = 4) and IgG-treated (n = 4) mice 
were stained by anti-CD45 and -CD3 mAbs. CNS-infiltrated T cells (CD45*CD3*) were analyzed by flow cytometry. **; p-value <0.01 . (B) Production of 
pro-inflammatory cytokine by the CNS-infiltrated CD4 T cells in anti-VLA-4 mAb- and IgG-treated mice. CD11b*CD45* and CD4* were sequentially 
gated, and then production of pro-inflammatory cytokines in response to anti-CD3/CD8 mAb in the CD1 1 b*CD45*CD4* cells was examined. (C) Effect 
of anti-VLA-4 mAb treatment on CNS-infiltration of GM-CSF"^h1 and GM-CSF"^h17 cells. CNS-infiltration of GM-CSF"^NF-o(+, GM-CSF+IFN-y*, and GM- 
CSF*IL-1 1* CD4* T cells in anti-VLA-4 mAb (n = 3) and IgG (n = 4)-treated mice were calculated as described in Materials and Methods. Data represent 
mean -F/- SEM. Results shown are representative from three experiments. 
doi:1 0.1 371/journal.pone.0099068.g003 



PLOS ONE I www.plosone.org 



5 



June 2014 | Volume 9 | Issue 6 | e99068 



Anti-VLA-4 mAb Therapy in Progressive EAE 



A. 



B. 



Spleen 



CNS 



Non-EAE 





40.44% 
@ - 







CNS 




EAE 




Spleen „ 






1— ^ 5.01% 







CD45 



8t5 

CD3 




Anti-CD3/-CD28 mAb 



Unstimulated 




o I » 



CD45 



CD3 




S.92% 0.90% ''"^ 



TNF-a 



IL-17 



TNF-a 



IL-17 



CD45*CD11b'"' T cells 



CD45*CD11bi"T cells 



LI iLi 'Li iLi 



Anti-VLA-4mAb IgG 



Anti-VLA4 mAb IgG 



Anti-VLA-4 mAb IgG 



Anti-VLA-4 mAb IgG 



Figure 4. Effect of early therapeutic anti-VLA-4 mAb on the CNS-infiltration and/or development of CD45^CD11b^ T cells. (A) Up- 

regulation of CD1 1 b on CNS-infiltrated CD45* cells compared to splenic CD45* cells in EAE mice (disease grade 3). (B) Expression of CDS, CD4, VLA-4 
and TLR-2 on CD45*CD1 1 b'"' and CD45*CD1 1 b''' cells in the CNS of EAE mice (disease grade 3.5). As a negative control staining, isotype-matched IgG 
was used for the staining (gray histogram). (C) Production of GM-CSF, TNF-a, IFN-y, and IL-7 in CD45+CD1 lb'"' and CD45+CD1 1 b''' CD4+ T cells. 
CD1 1b*CD45* and CD4* were sequentially gated, and the production of pro-inflammatory cytokines in CD1 lb*CD45*CD4* cells in the presence or 
absence of anti-CD3/-CD28 mAbs was examined. (D,E) Suppression of CNS infiltration/development of (D) CD45*CD1 1 b'"' T cells and (E) 
CD45*CD1 Ib*^' T cells by 7 day-early therapeutic treatment with anti-VLA-4 mAb (n = 3) and IgG (n = 4). **; p-value <0.01. Data represent mean +/- 
SEM. Results shown are representative from three experiments. 
doi:1 0.1 371 /journal.pone.0099068.g004 



The initial activation of microglia is characterized by a shift in the 
expression of CD45 from a low level in steady-state resting 
microglial populations (CD45'°CD1 Ib^ to a high level in activated 
micro glial populations (CD45"CDllb") [28]. Moreover, since the 
phenotype of activated infiltratuig macrophages resembles that of 



activated microglia, the CD45'"CD1 Ib^ cell population consists of 
both activated microglia and peripheral macrophages. As demon- 
strated in Fig. 5A, CD45'°CDllb^ resting microglia cells are the 
primary population at steady-state in the CNS of non-immunized 
mice. In mice developing EAE, however, the predominant 
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popiilation in the inflamed GNS becomes activated microglia/ 
macrophages of the CD45'"CDllb^ phenotype (Fig. 5A). Since 
activated microglia/macrophages also express elevated levels of 
major histocompatibility complex (MHC) class 11 and CD40 in the 
CNS [28] , immunostaining for the up-regulation MHC class II and 
CD40 expression was performed and subsequendy confirmed 
(Fig. 5A). Thus, the activation of CNS microglia and macrophages 
can be monitored by the percentage ratio between activated and 
resting microglia/ macrophage populations, as this ratio is foimd to 
increase with disease progression in EAE mice (Fig. 5A). 

To then evaluate the abihty of early anti-VLA-4 niAb treatment 
to suppress microglial and macrophage activation in the CNS 
throughout the course of progressive EAE, we assessed whether 
the administration of early anti-VLA-4 niAb could reduce the 
ratio of activated CD45'^'CD 1 1 b^ microglia/ macrophage popula- 
tions versus resting CD45'°CDllb^ microglial populations. As 
shown in Fig. 5B, the accumulation of activated CD45'''CD1 Ib^ 
microglia/macrophages in the CNS was significantly suppressed 
by early anti-VLA-4 mAb treatment. Therefore, this data reveals 
that early anti-VLA-4 mAb therapy can prevent the activation of 
microglia and/ or the infiltration of the CNS by activated 
peripheral macrophages after the onset of EAE. 

5. Effect of early anti-VLA-4 mAb treatment on 
neurodegeneration 

Since activated microglia and macrophages polarized toward an 
M 1 phenotype produce pro-inflammatory cytokines and carry out 
effector mechanisms that induce demyelination and axonal loss 
during CNS neuroinflammation [29,30], we sought to determine 
the effects of early anti-VLA-4 mAb treatment on both demye- 
lination and axonal loss. During EAE progression, we observed 
that demyelination was predominantly detected in sites where 



large areas of ceUular infiltrates were localized (Fig. 6A). Axonal 
loss was also commonly found to accompany demyelination 
(Fig. 6A-a), although there was evidence of primary demyelination 
without axonal loss (Fig. 6A-b and -d) and axonal swelling 
(Fig. 6A-b) in some cases. On the other hand, axonal loss without 
demyelination was rarely detected. 

Thereafter, we assessed whether early anti-VLA-4 niAb 
treatment could confer protection against demyelination and 
axonal loss in early-stage EAE mice between 40-46 days post- 
immunization. Remarkably, demyelination and axonal loss were 
significantiy suppressed by early anti-VLA-4 mAb treatment 
compared to IgG treatment after the onset of disease (Fig. 6B). 
Collectively, these results indicate that anti-VLA-4 mAb treatment 
is beneficial for the suppression of inflammation-mediated 
neurodegeneration when administered early in the course of EAE. 

Discussion 

Several earlier reports have demonstrated the prophylactic 
efficacy of anti-VLA-4 mAb or antagonist treatment in either 
PLPi3g.i5i-induced relapsing EAE in SJL mice or bovine MBP- 
induced chronic relapsing EAE in the SJL/J mice [13,15,23]. On 
the contrary, anti-VLA-4 mAb or antagonist treatment was 
ineffective after the onset of disease in these studies [13,15,23]. 
In agreement with these aforementioned reports, our present study 
demonstrated a suppressive effect of prophylactic anti-VLA-4 
mAb treatment for progressive EAE (Fig. lA), whereas treatment 
at an advanced stage of progressive EAE did not confer disease 
amelioration (Fig. IB). Interestingly, however, we observed a 
beneficial response to early anti-VLA-4 niAb treatment adminis- 
tered shortly after the onset of progressive EAE (Fig. IB). Thus, 
our data suggests that the timing of anti-VLA-4 mAb treatment is 
a crucial factor to effectively treat progressive CNS autoimmune 



A. B. 



Non-Immunized Pre-onset Early (Score 1.5) Advanced (Score 3) Anti-VLA-4 mAb IgG 




MHC class II 

Figure 5. Effect of early therapeutic anti-VLA-4 mAb on microglia/macrophage activation in the CNS. (A) The conversion of resting 
microglia/macrophages into activated microglia/macrophages is associated with disease progression. Phenotypes of resting and activated microglia/ 
macrophages are CD45'°"CD1 1 and CD45'^'CD1 1 b* respectively. Expression levels of MHC class II and CD40 on the resting and activated microglia/ 
macrophages are shown. Resting microglia/macrophages: CD40 (Mean Fluorescence Intensity (MFI): 2.4) and MHC class II (MFI: 7.33). Activated 
microglia/macrophages: CD40 (MFI: 4.24) and MHC class II (MFI: 40.5). The percentage ratio between activated and resting macrophages (Act./Rest. 
Ratio) increased with disease progression. (B) Early therapeutic anti-VLA-4 mAb treatment suppresses the activation of microglia/macrophages. Mice 
were sacrificed one day after the last treatment and the conversion of resting microglia/macrophages into activated microglia/macrophages was 
examined by measuring the percentage ratio between activated vs. resting microglia/macrophages in anti-VLA-4 mAb-treated (n = 5) compared to 
IgG-treated (n = 6) mice. Data represent mean +/- SEM. *; p-value <0.05. 
doi:1 0.1 371/journal.pone.0099068.g005 
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Anti-VLA-4 mAb-treated mice; n = 5 and IgG-treated mice; n = 4. 
represent mean +/— SEM. *; p-value <0.05 
doi:10.1371/journal.pone.0099068.g006 
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Figure 6. Effect of anti-VLA-4 mAb treatment on CNS cellular 
infiltration, demyelination and axonal loss. (A) Mice were 
sacrificed 40-46 days after immunization and cell infiltration, demyelin- 
ation, and axonal loss were examined by immunohistology. Four spinal 
cord sections (cervical, thoracic, lumber, and sacral regions) were 
prepared from early therapeutic anti-VLA-4 mAb- and IgG-treated EAE 
mice. Demyelination and axonal loss were examined by staining with 
anti-myelin basic protein (MBP) and anti-neurofilament (NF) Abs, 
respectively. Cell nuclei were counterstained with DAPI and accumu- 
lation of cell infiltrates was detected by clusters of DAPI-positive cells, 
(a) An area showing both demyelination and axonal loss induced by 
infiltrated cells is shown by arrows, (b) Swelling axons (arrow head) and 
demyelinated axons (arrow) are shown, (c) Myelinated and (d) 
demyelination axons are shown. Staining of the lumber spinal cord 
section is shown. Scale: 100 |j,m. (B) Anti-VLA-4 mAb treatment 
suppresses demyelination and axonal loss in the CNS (brain and spinal 
cord). Demyelination and axonal loss were examined by measuring the 
area stained by MBP Ab and NF Ab, respectively, and the percentage of 
each area was calculated as described in the Materials and Methods. 



diseases. However, since disease progression occurred after 10 
days of anti-VLA-4 mAb treatment, a longer duration of treatment 
may be required to gain a greater therapeutic outcome. A similar 
observation was also reported during the early treatment of 
progressive EAE with anti-MAdC AM- 1 mAb. Although MAd- 
CAM-1 is a ligand for the gut-homing integrin, ot^Py, early 
treatment with anti-MAdC AM- 1 mAb was able to suppress 
disease progression in MOGss.sj-induced EAE [31]. 

Upon further evaluation of early anti-VLA-4 mAb treatment in 
progressive EAE, we showed that pathogenic GM-CSF^Thl cells 
highly infiltrated the CNS at an early stage of disease (Fig. 2A and 
2B), and that early anti-VLA-4 mAb treatment could suppress the 
accumulation of GM-CSF Thl cells during the peak of CNS- 
infiltration (Fig. 3B and 3C). Although the CNS-infiltration of 
GM-CSF^Thl7 cells was less frequently observed compared to 
that of GM-CSF"^Thl cells, early anti-VLA-4 mAb was able to 
block the infiltration of GM-CSF^ Thl 7 ceUs into the CNS; 
however, this blockage was slightly less effective for GM- 
CSF'*'Thl7 cells (Fig. 3C). More recently, a study indicated that 
VLA-4 is the primary integrin for Thl cell infiltration into both 
the brain and spinal cord, whereas the LFA- 1 and VLA-4 integrins 
are required for Thl 7 cell infiltration into the brain and spinal 
cord, respectively [17]. In this case, it is possible that anti-VLA-4 
mAb treatment might be less effective to suppress the CNS- 
infiltration of GM-CSF^hl7 cells compared to that of GM- 
CSF^Thl cells because CNS infiltrates were isolated from the 
combined tissues of the brain and spinal cord in this study. 
Although T cells that infiltrate the CNS tend to undergo apoptosis 
in the CNS [32,33], the accumulation of pathogenic T cells by 
their continuous infiltration may induce the chronic inflammation 
necessary for disease progression toward severe neurodegenera- 
tion. Therefore, a threshold level of CNS-infiltrating GM-CSF^ 
pathogenic T cells may exist that can promote enough neuroin- 
flammation in the CNS to trigger neurodegeneration. Considering 
we found the CNS-infiltration of GM-CSF"*"Thl and GM- 
CSF^Thl7 cells to be highest at an early stage of disease 
progression, it is possible that early tiierapy may be able to prevent 
the further accumulation of pathogenic T cells in the CNS in order 
to suppress disease progression. 

Given that infiltrating pathogenic GM-CSF-producing CD4^ T 
cells contribute to the activation of microglia/ macrophages, it is 
likely that early therapeutic anti-VLA-4 mAb treatment is able to 
suppress the activation of microglia/ macrophages in the CNS as a 
direct consequence of blocking GM-CSF^CD4"'" T cell infiltration 
(Fig. 5B). GM-CSF produced by infiltrating pathogenic T cells 
activates microglia/macrophages to induce a neuroinflammatory 
cascade in the pathogenesis of EAE. Following their activation, 
microglia/macrophages produce various pro-inflammatory medi- 
ators that provoke detrimental CNS mechanisms, including 
demyelination, hypomyelination, and cell death [30,34]. More- 
over, the infiltration of the CNS by peripheral macrophages has 
also been shown to be directly associated with the development of 
EAE [35,36]. Throughout the course of EAE, infiltrating 
macrophage populations comprise the majority of CDllb''" cell 
populations in the CNS during the onset and peak of disease, and 
are found to express higher levels of activation markers such as 
MHC class II, CD86, CD40 and CDllc [27,28]. In addition, 
macrophages have been demonstrated to use the VLA-4 adhesion 
molecule as a primary integrin for CNS infiltration [37,38]. 
Therefore, early therapeutic anti-VLA-4 mAb treatment may also 
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prevent the infiltration of activated macrophages into the CNS to 
help suppress disease progression. 

Our observations which also highUghted the appearance of pro- 
inflammatory CD4"^ T cells that up-regulated GDI lb and VLA-4 
expression in the CNS during progressive EAE suggest the 
involvement of these CDllb^CD4^ T cells in the progression of 
EAE (Fig. 4A-C). Not to mention, we also observed the 
appearance of a population of GDI lb^CD3^CD4 cells in the 
CNS (Fig. 4B) found to contain CD8"^ T cells (data not shown). 
Interestingly, the expression of GDI lb on T cells is necessary to 
induce EAE [20]; however, pathogenic role of CD lib in EAE 
progression is still unknown. Since CD lib is not required for 
pathogenic T cell infiltration into the CNS [20], it is possible that 
CD lib may be more involved in the fuU difiFerentiation of pro- 
inflammatory effector T cells that contribute to neuroinflamma- 
tion. In humans, CD lib T cells represent a minor population 
that can be detected in the peripheral blood, spleen, and liver [39]. 
In addition, the expression of the IFN-y, IL-2, and IL-4 genes are 
up-regulated in CDl Ib"^ T cells and their numbers are correlated 
with an increase in age [39,40]. Furthermore, CDllb"*^ T cells are 
found to possess a fully-activated effector phenotype and have 
been detected in scenarios of chronic antigenic stimulation, such as 
in persistent bacterial or viral infections and neoadjuvant cancer 
therapy [4 1 -46] . Our analysis of early anti- VLA-4 niAb treatment 
on pathogenic T cells revealed that treatment suppressed the 
infiltration and/or expansion of CD45'^CD1 lb"' and 
CD45"'CDllb'^ CD4'"T ceUs in the CNS of progressive EAE 
mice (Fig. 4A and D-E). At this point, it is unknown whether 
CD45''CDllb'"' CD4"^ T cells represent a distinct T cell 
population apart from CD45^CD1 lb'" CD4^ T cells, or whether 
they represent infiltrating T cell populations capable of converting 
into CD45''CDIlb''' CD4^ cells inside die CNS. We also 
detected the expression of TLR-2 on CDllb"'CD4'" T ceU 
populations in the CNS of progressive EAE mice. The expression 
of TLR-2 is already known to be induced on activated CD4 T 
cells and is constitutively expressed on effector memory CD4^ T 
cell populations [47], in addition to effector cells derived from 
patients with persistent bacterial infections and tuberculosis 
[45,48]. In contrast to innate immune cells, TLR-2 can serve as 
a co-stimulatory signal for T cells to promote the development of 
both Thl and Thl7 populations [49, ,50]. Moreover, studies 
suggest a role for TLR-2 in MS pathogenesis, sinc:e T cells lacking 
TLR-2 can only induce mild clinical EAE associated with lower 

References 

1. Mct'arland tit', Martin R (2007) Multiple sclerosis: a complicated picture of 
autoimmunity. Nat Immunol 8: 91,'?— 919. 

2. Ycdnock I'A, Cannon C, Fritz LC, Sanchez-Madrid F, Stcinman L, et al. (1992) 
Prevention of experimental autoinmiune encephalomyelitis by antibodies against 
alpha 4 beta 1 integrin. Nature 356: 63-66. 

3. Baron JL, MadriJA, Ruddle NH, Hashim G, Janeway GAJr (1993) Surface 
expression of alpha 4 integrin by CD4 T cells is required for their entry into 
brain parenchyma. J Exp Med 177: 57-68. 

4. Engelhardt B, Laschinger M, Schulz M, Samulowitz U, Vestweber D, et al. 
(1998) The development of experimental autoimmime encephalomyelitis in the 
mouse requires alpha4-integrin but not alpha4beta7 -integrin. J Clin Invest 102: 
2096-2105, 

5. Brocke S, Picrcy C, Sleinman L, Wrissman IL, Veromaa T (1999) Antibodies to 
CD44 and integrin alpha4, but not L-selectin, prevent central nervous system 
inflammation and experimental encephalomyelitis by blocking secondary 
leukocyte recruitment. Proc Nad Acad Sci U S A 96: 6896-6901. 

6. Steinman L (2012) The discovery of natalizumab, a potent therapeutic for 
multiple sclerosis. J CeU Biol 199: 413^16. 

7. Miller DH, Khan OA, Sheremata WA, Blumhardt LD, Rice GP, et al. (2003) A 
controlled trial of natalizumab for relapsing multiple sclerosis. N Engl J Med 
348: 15-23, 

8. Polman Ctt, O'Connor PVV, ttavrdova E, ttutchinson M, Kappos L, et al. 
(2006) A randomized, placebo-controlled trial of natalizumab for relapsing 
multiple sclerosis. N Engl J Med 354: 899-910. 



CD4'^ and CD 1 lb"" cell infiltration of the CNS [50,51]. Hence, the 
CDllb"'TLR-2"'CD4"' T cells detected within the CNS of 
progressive liAE mice in our study may represent a group of 
pathogenic effector T cells which are recruited from the peripheral 
blood and later up-regulate CD lib and TLR-2 upon fuU 
activation in the CNS. Thus, it is possible that MOG35_.r,r,-specific 
pathogenic CD4^ T cells first infiltrate the CNS after undergoing 
activation in the periphery. Then, these infiltrated CD4"'" T cells 
may become further activated by cognate antigens in the CNS, 
which prompts their differentiation into CDl lb^TLR-2^CD4"^ T 
cells. Markedly, we also detected the presence of CDllb^TLR- 
2"'CD4"' T cells in the CNS of MBP-specific TCR/HLA-DR2a Tg 
mice upon their development of spontaneous RAE [52] (data not 
shown). This indicates that the development of CD lib TLR- 
2^CD4^ T cells is not unique to inducible active EAE, and 
therefore, this cellular population might be involved in the 
development of spontaneous EAE as well. Since the accumulation 
of CDllb"'TLR-2"'CD4"^ T cells in the CNS was associated with 
increasing neurodegeneration, future experiments are required to 
assess the pathogenic role of CDl lb"'"TLR-2^CD4"'" T cells in 
regards to their possible neurodegenerati\'e effector functions. 

Our data suggest that the accumulation of GM-CSF-producing 
GDI lb GD4 T cells is associated with disease progression in 
EAE, and that early anti-VLA-4 mAb therapy can prevent the 
accumulation of GM-CSF^CDl lb"'CD4+ T cells in the CNS by 
administration early in the course of disease progression. The 
suppression of pathogenic GM-CSF-producing T cell infiltration 
and subsequent microglia/macrophage activation by early anti- 
VLA-4 mAb treatment further confirms the beneficial effect of this 
drug to promote neuroprotection against inflammation-mediated 
neurodegeneration in progressive CNS autoimmunity. This 
suggests that natahzumab may be an effective therapy for patients 
with progressive forms of MS, and thus, may aid to prevent disease 
progression and severe neurodegeneration as long as treatment is 
administered early after the disease diagnosis. 

Author Contributions 

Conceived and designed tlie experiments: KI SD-J. Performed the 
experiments: NX JEM. Analyzed the data: KI JEM. Contributed 
reagents/ materials/ analysis tools: NI JEM. Wrote the paper: JEM SD-J 
KI. 



9. Gunnarsson M, Malmcstrom C, Axclsson M, Sundstrom P, Dahle C, et al. 
{2011} i\xonal damage in rrlapsing multiple sclerosis is markedly reduced by 
natalizumab. Ann Neurol 69: 83-89. 

10. Rinaldi ¥, Calabrcsc M, Seppi D, Puthenparampil M, Perini P, et al. (2011) 
Natalizumab prevents the accumulation of cortical lesions in relapsing remitting 
multiple sclerosis: a preliminary report. Neurol Sci 31 Suppl 3: 317—320. 

11. Rinaldi F, Calabrese M, Seppi D, Puthenparampil M, Perini P, et al. (2012) 
NatEilizumab strongly suppresses cortical pathology in relapsing-remitting 
multiple sclerosis. Mult Scler 18: 1760-1767. 

12. Fitzncr D, Simons M (2010) Chronic progressive multiple sclerosis - 
pathogenesis of neurodegeneration and therapeutic strategies. Curr Neurophar- 
maeol 8: 305-315. 

13. Theicn BE, Vanderlugt CL, Eagar TN, Niekerson-Nutter C, Nazareno R, et al. 
(2001) Discordant eilects of anti-VLA-4 treatment before and after onset of 
relapsing experimental autoimmune encephalomyelitis. J Clin Invest 107: 995- 
1006. 

14. Kerfoot SM, Kubes P (2002) Overlapping roles of P-selectin and alpha 4 integrin 
to recruit leukocytes to the central nervous system in experimental autoimmune 
encephalomyehtis. J Immunol 169: 1000-1006. 

15. Theien BE, Vanderlugt CL, Nickerson-Nutter C, Cornebise M, Scott DM, et al. 
(2003) Differential effects of treatment with a small-molecule VLA-4 antagonist 
before and after onset of relapsing EAE. Blood 102: 4464-4471. 



PLOS ONE I www.plosone.org 



9 



June 2014 I Volume 9 | Issue 6 | e99068 



Anti-VLA-4 mAb Therapy in Progressive EAE 



16. Kcrfoot SM, Norman MU, Lapointc BM, Bonder CS, Zbytnuik L, ct al. (2006) 
Reevaluation of P-sclcctin and alpha 4 integrin as targets for the treatment of 
experimental autoimmune encephalomyelitis. J Immunol 176: 6225-6234. 

17. Rothhammer V, Heink S, Petermann F, Srivastava R, Claussen MC, et al. 
(201 1) Thl7 lymphocytes traffic to the central nervous system independently of 
alpha4 integrin expression during EAE. J Exp Med 208: 2465-2476. 

18. Ji N, Rao N. Gucntzcl NM, Arulanandam BP, Forsthuber TG (2011) 
Anaphylaxis and monalily induced by treatment of mice with anti-VLA-4 
antiliody and pertussis toxin. J Immunol 186: 2750-2756. 

19. VVrighl E. Rahgozar K, Hallworth Lanker S, Carrithers MD (2013) Epithelial 
V-likc antigen mediates efficacy of anti-alpha(4) integrin treatment in a mouse 
model of multiple sclerosis. PLoS One 8: e70954. 

20. Bullard DC, Hu X, Schoeb TR, Axtell RC, Raman C, et al. (2005) Critical 
requirement of CDl lb (Mae-1) on T cells and accessor^' cells for development of 
experimental autoimmune encephalomyelitis. J Immunol 175: 6327—6333. 

21. Tuohy VK, Yu Yin L, KawczakJA, Johnson JM, et al. (1998) The epitope 
spreading cascade during progression of experimental autoimmune encephalo- 
myelitis and multiple sclerosis. Immunol Rev 164: 93-100. 

22. BerardJL, Wolak K, Fournicr S, David S (2010) Characterization of relapsing- 
rcmitting and chronic forms of experimental autoimmune encephalomyehtis in 
C57BL/6 mice. GHa 58; 434^45. 

23. CanneUa B, Gaupp S, Tilton RG, Raine CS (2003) Differential efficacy of a 
synthetic antagonist of VLA-4 during the course of chronic relapsing 
experimental autoimmune encephalomyelitis. J Neurosci Res 71: 407-416. 

24. Ponomarev ED, Shriver EP, Maresz K, Pedras-Vasconeelos J, Verthelyi D, et al. 
(2007) (jJVl-CJSF production by autoreacti\'e T cells is rec]iiired for the activation 
of microglial cells and the onset of experimental autoimmune encephalomyelitis. 
J Immunol 178: 39-48. 

25. El-Behi M, Ciric B, Dai H, Yan Y, CuUimore M, et al. (2011) The 
encephalitogenicity of T(H)17 cells is dependent on IL-1- and IL-23-induced 
production of the cytokine GM-CSF. Nat Immunol 12: 568-575. 

26. Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, et al. (2011) 
RORgammat drives production of the cytokine GM-CSF in helper T cells, 
which is essential for the efleetor phase of autoimmune neuro inflammation. Nat 
Immunol 12: 560-567. 

27. Ponomarev ED, Shriver LP, Dittel BN (2006) CD40 expression by microgUal 
cells is required for their completion of a two-step activation process during 
central nervous system autoimmune inflammation. J Immunol 176: 1402-1410. 

28. Ponomarev ED, Shriver LP, Maresz K, Dittel BN (2005) Microglial cell 
activation and proliferation precedes the onset of CNS autoimmunity. J Neurosci 
Res 81: 374-389. 

29. Benveniste EN (1997) Role of macrophages/microglia in multiple sclerosis and 
experimental allergic encephalomyelitis. J Alol Med (Berl) 75: 165—173. 

30. Peferoen L, Kipp M, van der Valk P, van Noort JM, Amor S (2013) Review 
series on immune responses in neurodegenerative diseases: Oligodendrocyte- 
microglia cross-talk in the CNS. Immunology. 

31. Kanwar JR, Kanwar RK, Wang D, Krissansen GW (2000) Prevention of a 
chronic progressive form of experimental autoimmune encephalomyelitis by an 
auitibody against mucosal addressin cell adhesion molecule- 1, given early in the 
course of disease progression. Immunol Cell Biol 78: 641-645. 

32. Bauer J, Bradl M, Hickley WE, Eorss-Petter S, Breitschopf H, et al. (1998) T-eell 
apoptosis in inflammatory brain lesions: destruction of T cells does not depend 
on antigen recognition. AmJ Pathol 153: 715-724. 

33. Issazadeh S, Abdallah K, Chitnis T, Chandraker A, Wells AD, et al. (2000) Role 
of passive T-cell death in chronic ejqjerimental autoimmune encephalomyelitis. 
J Clin Invest 105: 1109-1116. 

34. Rawji KS, Yong VW (2013) The benefits and detriments of macrophages/ 
microglia in models of multiple sclerosis. Clin Dev Immunol 2013: 948976. 



35. Hiraki K, Park IK, Kohyama K, Matsumoto Y (2009) Characleri/.ation ofCDS- 
positive macrophages infiltrating the central nervous system of rats with chronic 
autoimmune encephalomyelitis. J Neurosci Res 87: 1175—1184. 

36. Ajami B, Bennett JL, Kriegcr C, McNagny KM, Rossi FM (2011) Infilttating 
monocytes trigger EAE progression, but do not contribute to the resident 
microglia pool. Nat Neurosci 14: 1142-1149. 

37. Chuluyan HE, Issekutz AC (1993) VLA-4 integrin can mediate CD11/CD18- 
independent transendotheHal migration of human monocytes. J Clin Invest 92: 
2768-2777. 

38. Getts DR, Terry- RL, Getts MT, MuUer M, Rana S, et al. (2012) Targeted 
blockade in lethal West Nile \'irus encephalitis indicates a crucial role for very 
late antigen (\ LA)- 1-dependent recruitment of nitric oxide-producing macro- 
phages. J Neuroinflammation 9: 246. 

39. Hoshino T, Yamada A, Honda J, Imai Y, Nakao M, et al. (1993) Tissue-specific 
distribution and age-dependent increase of human CDl lb+ T cells. J Immunol 
151: 2237-2246. 

40. Weng NP, Akbar AN, Goronzy J (2009) CD28(-) T ceUs: their role in die age- 
associated decline of immune function. Trends Immunol 30: 306-312. 

41. McFarland HI, Nahill SR, MaciaszekJW, Welsh RM (1992) CDl lb (Mac-1): a 
marker for CD8-I- cytotoxic T cell activation and memory in virus infection. 
J Immunol 149: 1326-1333. 

42. Wagner C, Hansch CM, Stcgmaier S, Denelleh B, Hug F, et al. (2001) The 
complement receptor 3, CR3 (CJDl lb/(.^D18), on T lymphocytes: activation- 
dependent up-regulation and regulatory function. Eur J Immunol 31: 1173- 
1180. 

43. Christensen JE, Andreasen SO, Christensen JP, Thomsen AR (2001) CDllb 
expression as a marker to distinguish between recentiy activated effector CD8(-I-) 
T cells and memory cells. Int Immunol 13: 593-600. 

44. Lin Y, Roberts TJ, Sriram V, Cho S, Brutkiewicz RR (2003) Myeloid marker 
expression on antiviral CD8-I- T cells following an acute virus infection. 
Eur J Immunol 33: 2736-2743. 

45. Kotsougiani D, Pioch M, Prior B, Heppcrt V, Hansch CM, et al. (2010) 
Activation of T Lymphocytes in Response to Persistent Bacterial Infection: 
Induction of CDllb and of Toll-Like Receptors on T Cells. Int J Inflam 2010: 
526740. 

46. Peguillet 1, Milder M, Louis D, Vincent-Salomon A, Dor\.-al T, et al. (2014) High 
numbers of differentiated effector CD4 T cells arc found in cancer patients and 
correlate with clinical response after neo-adjuvant therapy of breast cancer. 
Cancer Res. 

47. Komai-Koma M, Jones L, Ogg GS, Xu D, Liew FY (2004) TLR2 is expressed 
on activated T cells as a costimulatory receptor, Proc Nad Acad Sci USA 101: 
3029-3034. 

48. Chen X, Zhang M, Zhu X, Deng Q, Liu H, et al. (2009) Engagement of Toll- 
like receptor 2 on CD4(-I-) T cells facilitates local immune responses in patients 
with tuberculous pleurisy. J Infect Dis 200: 399—408. 

49. Imanishi T, Hara H, Suzuki S, Suzuki N, Akira S, et al. (2007) Cutting edge: 
TLR2 directly triggers Thl effector functions. J Immunol 178: 6715—6719. 

50. Reynolds JM, Pappu BP, PcngJ, Martinez GJ, Zhang Y, et al. (2010) Toll-like 
receptor 2 signaling in CD4(-I-) T lymphocytes promotes T helper 1 7 responses 
and regulates the pathogenesis of autoimmune disease. Immunity 32: 692-702. 

51. Miranda-Hernandez S, Gerlach N, Fletcher JM, Biros E, Mack M, et al. (201 1) 
Role for MyD88, TLR2 and TLR9 but not TLRl, TLR4 or TLR6 in 
experimental autoimmune encephalomyelitis. J Immunol 187: 791-804. 

52. Quandt JA, Huh J, Baig M, Yao K, Ito N, et al. (2012) Myelin basic protein- 
specific TCR/HLA-DRB5*01:01 transgenic mice support the etiologic role of 
DRB5*01:01 in multiple sclerosis. J Immunol 189: 2897-2908. 



PLOS ONE I www.plosone.org 



10 



June 2014 I Volume 9 | Issue 6 | e99068 



